Abstract: Stilp and Kluender [(2010). Proc. Natl. Acad. Sci. U.S. A. 107(27), 12387-12392] reported measures of sensory change over time (cochlea-scaled spectral entropy, CSE) reliably predicted sentence intelligibility for normal-hearing listeners. Here, implications for listeners with atypical hearing were explored using noise-vocoded speech. CSE was parameterized as Euclidean distances between biologically scaled spectra [measured before sentences were noise vocoded (CSE)] or between channel amplitude profiles in simulated cochlear-implant processing [measured after vocoding (CSE CI )]. Sentence intelligibility worsened with greater amounts of information replaced by noise; patterns of performance did not differ between CSE and CSE CI . Results demonstrate the importance of information-bearing change for speech perception in simulated electric hearing.
Introduction
Much in the world is predictable from time to time and place to place, but there is little to no information in that which is known or predictable. Information is defined by uncertainty, unpredictability, or most simply, change (Shannon, 1948) . The greater the unpredictability, the greater the amount of information that can potentially be transmitted. Perceptual systems respond primarily to change (e.g., Kluender et al., 2003) , and optimizing sensitivity to change maximizes information for perception. Information-theoretic approaches have shown this process to be fundamental to speech perception (e.g., Kluender and Alexander, 2007; Kluender et al., 2013) and to auditory perception in a broader sense (e.g., Kluender et al., 2003; Stilp et al., 2010a) . Stilp and Kluender (2010) proposed that potential information is an important contributor to sentence intelligibility. Potential sensory information was inferred from cochlea-scaled spectral entropy (CSE), a measure of spectral change across time quantified as Euclidean distances between adjacent, psychoacoustically scaled spectral slices. They measured CSE in sentences, and then replaced segments with noise on the basis of having low, medium, or high amounts of CSE. Segment durations were 80 ms (approximate mean duration of consonants in the TIMIT database; Garofolo et al., 1990) or 112 ms (approximate mean vowel duration), following methods in previous studies of sentence intelligibility amidst noise replacement (e.g., Kewley-Port et al., 2007) . Sentence intelligibility closely followed measures of CSE: as greater amounts of potential information were replaced by noise, performance worsened.
Estimates of sensory change prove important for speech perception by normal-hearing (NH) listeners, but implications for listeners with impaired hearing are unknown. Cochlear implants (CI) users receive dramatically different auditory input, leaving them to rely on restricted information for perception with potentially different weighting compared to that of NH listeners. As a result, while some can understand speech in quiet as well as NH listeners who are presented CI simulations (e.g., Friesen et al., 2001) , there is a wide range in speech perception performance of CI users. A significant challenge is to characterize information that high-performing CI listeners rely on to achieve such proficiency, and whether increasing or emphasizing this information would benefit lower-performing CI users.
While initial encoding widely differs in normal versus electric hearing, subsequent subcortical and cortical processing is similarly predicated on emphasizing changes in the input. Thus, similar to NH listeners, CI users may also exploit regions of high signal change for understanding speech. To explore this possibility, we investigate intelligibility of noise-vocoded sentences when segments are replaced by noise on the basis of acoustic changes available for normal (CSE) and simulated electric hearing (CSE CI ). These parameterizations allow comparison of the importance of potential information for speech perception as measured in signals available for acoustic versus simulated electric hearing.
Methods
Twenty undergraduates were recruited from the Department of Psychology at the University of Wisconsin-Madison. All participants reported being native English speakers with normal hearing and received course credit for their participation.
Experimental materials were 59 sentences from the TIMIT database (5-8 words, mean duration ¼ 2046 ms; Garofolo et al., 1990) . Sentences were root-meansquare (RMS)-intensity-normalized, then information was measured either before (CSE; Stilp and Kluender, 2010) or after noise vocoding to estimate potential information available to CI users (CSE CI ).
To calculate CSE, sentences were divided into 16-ms slices, and each slice was passed through 33 simulated auditory filters (Patterson et al., 1982) spaced 1 ERB apart (Glasberg and Moore, 1990 ) from 26 to 7743 Hz. Euclidean distances were calculated between spectral profiles (i.e., energy across all bands) for all pairs of adjacent 16-ms spectra. Distances were summed in boxcars of five successive slices (80 ms) then sorted into ascending (low entropy condition) or descending order (high entropy). All sentences were then processed by an eight-channel vocoder with a Gaussian noise carrier (center frequencies log-spaced from 300 to 5000 Hz, 2nd-order low-pass Butterworth filter with 150-Hz cutoff to extract amplitude envelopes, 4th-order bandpass Butterworth filter for channel analysis and synthesis). The boxcar that ranked first in the full-spectrum sentence (lowest or highest entropy) was replaced in the vocoded sentence by speech-shaped noise matched to mean sentence level (5-ms linear onset/offset ramps). Eighty-millisecond intervals immediately before and after replaced segments, as well as at the beginning of the sentence, were always left intact. The procedure proceeded iteratively to the next-highest-ranked boxcar, which was replaced only if its content had not already been replaced or preserved. Replacements continued until no more segments could be replaced (n.b. this maximum was matched for a given sentence across all experimental conditions).
To calculate CSE CI , sentences were vocoded first before being divided into the same 16-ms slices as in CSE conditions. CSE CI was parameterized as the Euclidean distance between RMS amplitude profiles across eight vocoder channels for successive slices. Boxcar summation and noise replacement followed as described above. On average, 34.7% of sentence duration was replaced by noise, with the same duration of sentence replaced by noise in each condition.
Sentences were presented diotically at 72 dB SPL via circumaural headphones (Beyer-Dynamic DT-150, Farmingdale, NY). Listeners participated individually in a double-wall soundproof booth. Following acquisition of informed consent, listeners were given instructions and told to expect that some sentences would be difficult to understand, so guessing was encouraged. Listeners completed 9 practice sentences followed by 50 experimental sentences (10 trials in each of 4 experimental conditions plus 10 control trials presenting vocoded sentences without any noise replacement), one per trial, without hearing any sentence more than once. While listeners heard experimental sentences in the same order, the order of conditions was pseudo-randomized; within each of ten five-trial blocks, listeners heard one sentence in each of the five conditions in random order.
Responses were scored offline by three raters blind to experimental conditions using guidelines listed in Stilp et al., (2010b) Inter-rater reliability, measured by intraclass correlation, was 0.99. Intelligibility was defined as the mean percent of words correctly identified in each sentence.
Results
Control sentences [mean ¼ 69.86% of words correctly identified, standard error (s.e.) ¼ 2.97] were included primarily as reference for performance in experimental conditions; therefore, results were analyzed in a 2 (measure of information-bearing acoustic change: CSE/CSE CI ) by 2 (level of information replaced by noise: low/high) repeatedmeasures analysis of variance. Replicating Stilp and Kluender (2010) , performance was better when low-information segments were replaced by noise (mean ¼ 28.32%, s.e. ¼ 2.00) than when high-information segments were replaced (mean ¼ 12.01%, s.e. ¼ 1.22; F 1,19 ¼ 118.24, p < 0.001, g 2 p ¼ 0.86) (Fig. 1) . Importantly, performance did not differ when information-bearing acoustic change was measured and replaced in sentences appropriate for acoustic hearing (CSE mean ¼ 19.00%, s.e. ¼ 1.58) versus Closer examination reveals that intelligibility was higher for low-information-replaced sentences compared to high-information-replaced sentences for CSE (paired-sample t-test with Bonferroni correction for multiple comparisons; t 19 ¼ 9.28, p < 0.001) and CSE CI (t 19 ¼ 7.04, p < 0.001), but performance did not differ for a given level of information replaced across CSE and CSE CI (t < 1.15, n.s.).
For each sentence, slices that were replaced by noise were coded as 1 with all other slices coded as 0. Holding the level of information replaced constant, mean numbers of shared slices (replaced in both CSE and CSE CI conditions) and unshared slices (replaced in only one condition) were calculated. Broadly stated, measures of information-bearing acoustic change in acoustic (CSE) and simulated electric hearing (CSE CI ) are more similar to each other than they are different, and this supports highly comparable performance across these conditions.
Discussion
Results demonstrate the importance of potential information for speech perception via normal and simulated electric hearing. Parallel patterns of performance when information is measured in full-spectrum (CSE) versus vocoded (CSE CI ) materials suggest similar reliance on information-bearing spectral change for sentence intelligibility. This result offers great promise in better understanding perception by CI users, as relative change in the signal likely influences sentence intelligibility for both NH and CI listeners.
Normal-hearing listeners exploit relative change in the signal for perception of acoustically rich (Stilp and Kluender, 2010; Stilp et al., 2010b) and vocoded sentences. This emphasis on change marks a promising avenue of exploration for investigating speech perception by CI users. Previous efforts to transmit more information in CIs have introduced unwanted drawbacks, such as current spread when stimulating more channels (e.g., Fishman et al., 1997; Friesen et al., 2001) or poorer intensity resolution and/or modulation detection when increasing stimulation rate (e.g., Galvin and Fu, 2005; Kreft et al., 2004) . By identifying information-bearing acoustic change, the present approach may provide a more efficient way to transmit information through CIs without stimulating across more channels or at higher rates.
Performance in experimental conditions (mean ¼ 28% for conditions where low information was replaced by noise, 12% when high information was replaced) is comparable to investigations of spectrally degraded sentences interrupted with fixed duty cycle noise Chatterjee et al., 2010; Başkent, 2012) . However, two key differences distinguish the present results from these reports. First, fixed duty cycle noise interrupts speech at regular intervals, while noise replacements in the present experiment are not strictly periodic. Second, 50% duty cycle noise results in 50% of overall sentence duration being replaced with noise, often in segments 100-ms or longer. The present experiment replaced 35% of overall sentence duration with noise using 80-ms segments, yet achieved comparable if not poorer levels of performance. Replacing less speech with noise using briefer segments and observing poorer performance further supports the suggestion that information-bearing acoustic change more closely corresponds to performance than physical measures of time (Stilp and Kluender, 2010; Stilp et al., 2010b) .
Results also inform investigations of the relative importance of amplitude envelope (E) versus temporal fine structure (TFS) cues for speech intelligibility. Speech perception relies more heavily upon E information (e.g., Smith et al., 2002; Swaminathan and Heinz, 2012) , and high levels of performance can be achieved with only E information from a small number of frequency channels (e.g., Shannon et al., 1995; Dorman et al., 1997) . CSE more closely corresponds to an E cue for speech recognition but with an important distinction: CSE measures changes in the spectral envelopes across time and not the presence or absence of this information per se. The present results suggest consideration of not only which acoustic cues are available (or unavailable) for speech perception, but how they change across time as well.
The present results encourage information-theoretic approaches to speech perception (e.g., Kluender and Alexander, 2007; Kluender et al., 2013; Stilp and Kluender, 2010; Stilp et al., 2010b) . More importantly, results emphasize fundamental principles of perception that are shared across normal and simulated electric hearing. Information-bearing acoustic change offers great promise for investigations of speech perception by listeners with normal and impaired hearing.
